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CARDIOVASCULAR AND RESPIRATORY RESPONSES TO 
ELEVATION OF CEREBROSPINAL FLUID 
PRESSURE IN THE CAT* 

BY 
C. A. WHITE AND H. L. BORISON 


INTRODUCTION 


At the turn of the century, Cushing’ ~* introduced the physiological 
concept that an increase in intracranial pressure produces a rise in 
arterial blood pressure which tends to find a level slightly higher than 
the pressure exerted against the brain. Cushing performed his experiments 
in dogs in which intracranial pressure was elevated by means of a metal 
cannula inserted through the skull. The pressure was increased in a 
stepwise manner, and it was maintained over a period of minutes. Cush- 
ing postulated that ischemia of the medullary vasomotor center was the 
mechanism by which the cardiovascular response was initiated. This 
hypothesis was based mainly on the findings that cocainization of the 
medulla prevented the response and that section of the spinal cord 
at the cervical level completely interrupted the vasomotor effect. Co- 
incidental with the blood-pressure response, Cushing observed a cessa- 
tion of respiration during the period in which intracranial pressure 
exceeded the arterial blood pressure. 

Subsequently, many investigators* reaffirmed the conclusions of 
Cushing and extended the observations on effects of elevated intra- 
cranial pressure in a variety of mammalian species, including man. 

An important contribution to the understanding of the cardiovascular 
response to elevated cerebrospinal fluid pressure was made by Groat 
and Peele.4© These workers demonstrated that raised spinal intradural 
pressure, in animals in which the brain had been rendered functionless 
by compression asphyxiation or in which the spinal cord had been 
severed by ligation in the cervical region, evoked a pressor response 


-15 


which was comparable to that elicited by increased intracranial pressure 
in animals with the central nervous system intact. They showed, further- 
more, that an elevation of intracranial pressure by Cushing’ s technique 
was only partially transmitted to the vertebral canal. Nevertheless, 
Groat and Peele still subscribed to the postulate that direct stimulation 
by ischemia of vasomotor centers, both medullary and spinal, is the 
mechanism which mediates the effect. 

Recent investigations” suggest that the cardiovascular effect 


is actuated by baroreceptors rather than by direct stimulation of neural 
*This investigation was supported by a research grant (B-491) from the National 


Institute of Neurological Diseases and Blindness, of the National Institutes of Public 
Health, U.S. Public Health Service, Bethesda, Md. 
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FIGURE 1. An experiment in progress. Note the spinal needle, in place at the 
lumbosacral junction, and associated apparatus for applying pressure stimulus. 


centers. Rodbard and Saiki!® obtained blood-pressure responses to 
elevations in intracranial pressure lasting only one to six seconds. 
Furthermore, they were able to elicit pressor responses with cerebro- 
spinal fluid pressures of considerably smaller magnitude than that of the 
resting arterial blood pressure. 

The purposes of the present investigation were threefold: (1) to 
describe the cardiovascular responses and their relation to the respira 
tory effects elicited by elevation of cerebrospinal fluid pressure at 
various levels of the neuraxis; (2) to localize receptors and to eluci- 
date reflex pathways involved in the response which follows the eleva- 
tion of cerebrospinal fluid pressure; (3) to determine the effects of 
certain drugs which might shed light on the processes concerned inthis 
phenomenon. s 


METHODS 


Sixty experiments were carried out on cats ranging in weight from 2.4 
to 4.8 kgm. They were anesthetized with pentobarbital sodium (36 mgm. 
per kgm.) given intraperitoneally. During the course of each experiment, 
additional pentobarbital was administered intravenously, as needed, to 
reinfotce the anesthesia. Intravenous injections were made through a 
polyethylene catheter, inserted in a femoral vein at the outset of each 
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experiment. The trachea was cannulated routinely to permit rapid in- 
stitution of artificial ventilation, when necessary, and to permit spiro- 
metric recording of the respiration. In most experiments, respiration was 
recorded by means of pneumograph and rubber tambour. Blood pressure 
was recorded from the carotid artery by means of a metal bellows tambour 
in parallel with an aneroid manometer. Heparin was placed in the bulb 
of the arterial cannula to prevent clotting. The vagi were made available 
for sectioning and stimulation. In some experiments, the central end of 
the sciatic nerve was stimulated. The experimental setup is illustrated 
in FIGURE l., 

Elevation of cerebrospinal fluid pressure was produced at one or both 
of two sites. In most instances, a 2-inch 20-gauge needle was inserted 
into the subarachnoid space at the lumbosacral articulation. In a number 
of experiments, a l-inch 20-gauge needle was inserted into the cisterna 
magna. The needle or needles were connected to a half-liter pressure 
bottle partially filled with saline. Pressure in the bottle was increased 
by means of a rubber bulb and the level was measured by a mercury 
manometer connected to the system. The tube leading to the indwelling 
needle or needles was clamped off until the desired pressure was in- 
dicated on the manometer. Pressure was transmitted to the cerebro- 
spinal fluid by unclamping the connecting tube. Complete reduction in 
pressure was accomplished within four to five seconds by release of the 
hand screw on the bulb attached to the pressure bottle. The transmission 
of pressure between the cisternal and lumbar levels was tested with an 
electromanometer. An interval of not less than four minutes was allowed 
between the end of a response and the subsequent test. 

A number of surgical procedures were undertaken as part of the 
experimental work presented in this paper. These will be described in 
detail in the discussion of specific results. The importance, however, 
of maintaining a closed system for cerebrospinal fluid pressure elevation 
following such procedures should be emphasized at this time. The 
maintenance of a constant pressure in the reservoir bottle demonstrated 
the adequacy of operative closures. In addition, recording cerebrospinal 
fluid pressure by means of an electromanometer served as an absolute 
indicator of pressure elevation. 


RESULTS 


A. Stimulus and Response. 

Adequate elevation of cerebrospinal fluid pressure in the normal cat 
evokes a rise in blood pressure (sometimes preceded by a transient fal!) 
and a complex respiratory effect consisting, usually, of initial augmenta- 
tion and prolongation of inspiration followed by a pause in expiration. 
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FIGURE 2. Electromanometric recording of pressure transmission’ between 
lumbar and cisternal levels. Arrows up mark the moment of unclamping the 


pressure bottle, arrows down mark the moment of releasing the thumbscrew on 
the rubber bulb. 
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FIGURE 3. Effect of varying the duration (5, 10, and 20 seconds) of cerebro- 
spinal pressure elevation, at the constant magnitude of 150 mm. Hg. Respiration 
in this and subsequent figures was recorded by pneumograph unless otherwise 
indicated; inspiration up. 
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(1) Characteristics of the stimulus. FicuRe 2 illustrates the trans- 
mission of pressure between lumbar and cisternal levels as recorded by 
means of an electromanometer. The important factors which determine 
the time for reaching peak cerebrospinal-fluid pressure are (i) fluid-flow 
rate and (ii) distensibility of the cerebrospinal system. In the present 
setup, the rate of fluid inflow was limited primarily by the 20-gauge 
needle used for dural puncture. Fluid exchange between the reservoir 
bottle and the cerebrospinal system, however, was so small that no re- 
duction in the fluid level in the bottle was observed during pressure 
stimulation, except when frank leakage occurred through an operative 
defect. When the fluid was injected at the lumbar level and the trans- 
mission recorded from the cisterna magna, pressure did not begin to rise 
until approximately three seconds after suddenly unclamping the inflow 
tubing, and it reached the peak value after approximately five seconds. 
When fluid was introduced at the cisternal level and the pressure was 
recorded through a lumbosacral puncture, times of onset and of peak 
pressure were approximately two and four seconds, respectively. Similar- 
ly, the time required for returm of pressure to the resting level was 
shorter after the fluid was introduced at the cisterna than at the lumbar 
region. In all further references to the duration of pressure stimulation, 
values will signify only the time interval between unclamping the connect- 
ing tube and releasing the thumbscrew on the rubber bulb of the pressure 
bottle. 

(2) The effective stimulus. Pressure parameters were sought which 
would produce adequate responses yet cause minimal damage to the 
central nervous system. Ficure 3 illustrates the effect of varying the 
duration of a stimulus at the constant pressure of 150 mm. Hg. In this 
experiment, the 10-second stimulus was considered best for repeated 
use. Indeed, the stimulus duration of 10 seconds was used routinely 
throughout this series of experiments. Ficure 4 illustrates the effect 
of varying the magnitude of the pressure stimulus at the constant duration 
of 10 seconds. It can be seen that 50 mm. Hg was without effect and 100 
mm. Hg elicited only a minimal response. Good responses were evoked, 
however, with fluid pressures of 150 and 200 mm. Hg which were greater 
than the resting mean blood pressure. Nevertheless, results obtained 
from other experiments of this series, especially after vagotomy and 
carotid sinus denervation quite clearly demonstrate that both respiratory 
and vasomotor responses may be obtained’ with cerebrospinal fluid 
pressures considerably smaller in magnitude than the mean arterial 
pressure (FIGURES 5, 17, and 19). In order consistently to obtain 
adequate responses, however, cerebrospinal fluid pressures which 
approximated the magnitude of the mean blood pressure were usually 
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FIGURE 4. Effect of varying the magnitude (50, 100, 150, and 200 mm. Hg) 
of cerebrospinal fluid pressure, at the constant duration of 10 seconds. Note the 
minor fluctuations in heart rate. C. O. signifies carotid occlusion. 


employed. The inadvisability of using cerebrospinal fluid pressure 
greater than that sufficient to elicit a satisfactory effect is indicated in 
FIGURE 4 bythe fact thatthe response to 200 mm. Hg was not appreciably 
greater than the response to 150 mm. Hg. 

(3) Latent period of the response. In most experiments, the blood 
pressure response began 10 to 12 seconds after the onset of stimulation 
although, in some instances, it was observed to start as early as 5 
seconds and in others as late as 20 seconds. The respiratory response 
generally occurred concomitantly with the vasomotor response. The 
respiratory effect, however, occasionally preceded the pressor response 
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FIGURE 5. Effect of increasing cerebrospinal fluid pressure at the constant 
duration of 10 seconds, Note the secondary pressor phase evoked by the pres- 
sure stimulus of 150 mm. Hg. C. O. signifies carotid occlusion. 
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by a few seconds. Variation in magnitude or duration of the pressure 
stimulus did not significantly influence the latent period of a specific 
response (FIGURES 5 and 6). 

(4) Effects on the response produced by variations in the stimulus. 
Although changes in the magnitude and the duration of the stimulusdid 
not modify the latency of the response, such changes produced both 
quantitative and qualitative alterations in the evoked effect. Figure 5 
illustrates the progressive enhancement of both the vasomotor and the 
respiratory responses elicited with increasing cerebrospinal fluid pres- 
sures. Of particular interest are the secondary rise in blood pressure and 
the increased rate of respiration which followed the stimulus of 150 
mm. Hg. A similar effect was produced when the duration of stimulation, 
at constant pressure, was increased from 10 to 60 seconds (FiGURE 6). 
Elevation of pressure for 30 seconds elicited a greater response than 
was evoked by 10 seconds of stimulation. Although the 60-second 
stimulus did not produce a greater initial pressor effect than did the 30- 
second stimulus, the longer period of elevation was followed by a second- 
ary rise in blood pressure which persisted for more than 36 minutes. 

(S) Comparison of responses evoked by stimulation at lumbar and 
cisternal levels. F1icure 7 illustrates the vasomotor and respiratory 
responses to elevation of cerebrospinal fluid pressure at the lumbar and 
cisternal levels, separately andin combination. No appreciable difference 
is observed between the blood-pressure responses to individual and 
combined elevations. Cisternal elevation, however, was more effective 
than equivalent lumbar elevation in modifying respiratory activity. On 
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FIGURE 6. Effect of increasing the duration of cerebrospinal fluid pressure 
elevation, at the constant magnitude of 150 mm. Hg. Note the secondary pressor 
phase, which exceeded 36 min., following 60 seconds of stimulation. 
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FIGURE 7. Comparison of separate and combined elevations of cerebro- 
spinal fluid pressure at lumbar and cisternal levels. A more marked respiratory 
response was obtained from cisternal than from lumbar pressure elevation. 


the other hand, combined elevation at the cisternal and lumbar levels 
produced no greater effect on the respiration than did cisternal elevation 
alone. 

(6) Variability of the response. The great variation from animal to 
animal in responsiveness to elevated cerebrospinal fluid pressure made 
it mandatory to incorporate implicit controls in each experiment. Attempts 
to relate the extent of the response with buffer nerve function or resting 
blood-pressure level were not successful. Furthermore, there appeared 
to be a lack of correlation between the magnitude of the stimulus and 
extent of the rise in blood pressure in different animals. Variation in the 
responses of the individual animal was also observed, but this could 
generally be accounted for by physiological, deterioration resulting from 
prolonged experimentation orfrom the use of cerebrospinal fluid pressures 
which were excessively high or too frequently applied. 


B. Surgical Procedures. 
(1) Bilateral midcervical vagotomy. The effect of vagotomy on the 


response of one cat to elevation of cerebrospinal fluid pressure is shown 
in FIGURE 8, The amplitude of the pressor response was not improved 


White & Borison: Cerebrospinal Fluid Pressure Al 


by vagotomy, but there was some reduction in the initial depressor 
phase and an apparent increase in the duration of the vasomotor effect. 
Although the transient depressor portion of the cardiovascular response 
has been described in the literature as a common effect of cerebrospinal 
pressure elevation in the dog, !/2,3.5,29 this initial depression was only 
infrequently observed in the present experiments on cats. The responses 
illustrated in FIGURE 8 were elicited after the cat had been subjected 
to surgical division of the tela choroidea which covers the fourth ven- 
tricle. This operation potentiated the total response to elevated cerebro- 
spinal fluid [see B (2) under ‘‘Results’’]. Vagotomy did not appreciably 
modify the respiratory response to cerebrospinal stimulation. 

In three experiments, carotid sinus denervation was performed, in 
addition to vagotomy. While the debuffering operation caused a rise in 
the resting mean blood pressure level, this procedure apparently did not 
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FIGURE 8. Effect of bilateral midcervical vagotomy on the blood pressure 
response. 
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FIGURE 9. Potentiating effect of opening the fourth ventricle on the cardio- 
vascular and respiratory responses to cerebrospinal fluid pressure elevation at 
the lumbar level. 


increase the cerebrospinal stimulation threshold for obtaining a satis- 
factory response. Hence there occurred a relative increase in sensitivity 
to stimulation such that the cerebrospinal fluid pressure requirement, 
while not reduced in an absolute sense, was considerably lower than the 
arterial blood pressure (FIGURE 17). A comparison of the cardiovascular 
responses to compression of the nervous system with those following 
carotid occlusion revealed that responsiveness to elevated cerebrospinal 
fluid pressure was not related to activity of the carotid occlusion pres- 
sor reflex. 

(2) Procecures involving the fourth ventricle. Prior to investigating 
the effects of surgical lesions of the medulla oblongata, experiments 
were performed to determine whether mere invasion of the cerebrospinal 
fluid system, by the same operative approach, would alter the response 
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to elevated pressure. Incision into the cisterna magna was the first 
procedure attempted. In repairing the defect, the dura was not closed, 
but overlying nuchal musculature was securely sutured with closely 
spaced vertical mattress stitches. Subsequent elevation of cerebrospinal 
fluid pressure, from the lumbar level, resulted in vasomotor and respira- 
tory responses quite similar to those obtained prior to the surgery. Thus, 
opening the cisterna magna alone does not influence the response to 
compression of the central nervous system. 

Fluid passage between the cisterna magna and the fourth ventricle 
takes place through portals in the intervening tela choroidea. Hence it 
was necessary to determine the effect of dividing the tela choroidea 
before proceeding with lesions of the medulla. Responses to pressure 
stimulation obtained before and after opening the fourth ventricle, with- 
out damaging the medullary tegmentum, are shown in FIGURE 9. Both 
vasomotor and respiratory responses are markedly enhanced by this 
surgical procedure. An effect of stimulation, observed after but not 
before the operation, was the initial transient fall in blood pressure 
(see also FIGURE 8). 


Borison and Brizzee,21 on the basis of work on the medullary chemo- 
receptor trigger zone in the cat, suggested that baroreceptors may be 
located in the area postrema of the medulla oblongata. This possibility 
was investigated in 5 cats, subjected to acute fulguration of the area 
postrema, and in 1 cat tested 29 days after destruction of the area. This 
chronic cat was found to be refractory to the emetic action of intra- 
venous lanatoside C (0.16 mgm. per kgm.) administered 18 days post- 
operatively. Eleven days later, elevation of cerebrospinal fluid pressure 
resulted in satisfactory cardiovascular and respiratory responses. Tests 
on the acutely prepared cats, in which effects of cerebrospinal com- 
pression were compared before and after destruction of the area postrema, 
showed inconsistent alterations in the evoked responses. The most 
striking change of responsiveness produced by area postrema ablation 
is illustrated in FIGURE 10 by the marked depressor response and the 
negligible respiratory effect evoked postoperatively as contrasted with 
the control pressor and respiratory responses. 

(3) Decerebration. Two types of decerebration were performed: (i) 
transection of the midbrain at the superior collicular level without re- 
moving the cerebrum or interrupting its blood supply and (ii) removal of 
the cranial contents rostral to the bony tentorium. Both operations were 
performed in the skull, through an opening approximately one cm. in 
diameter, placed just anterior to the tentorium. After removing the 
cerebmm, the cavity was filled with gauze and saline. In each case 
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FIGURE 10. Effect of acute fulguration of the area postrema on the response 
to cerebrospinal compression. Contrast depressor response elicited postoperative- 
ly with the preoperative pressor effects. 


leakproof closure of the cranium was accomplished by inserting an over 
sized piece of mbber dam into the opening and fitting the edges under 
the bone. Repair of the defect was completed by securely suturing the 
overlying temporal muscle. Following each experiment, the brain was 
perfused in situ and the lesion was confirmed by gross dissection. 

One experiment was performed with each type of decerebration. The 
results obtained from these two experiments were qualitatively alike. 
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FIGURE 11. Effect of repeated pressure stimulation at the lumbar level 
after decerebration. Note the development and reappearance of the secondary 
pressor phase. 
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Ficure 11 illustrates the effect of cerebral removal on the response to 
elevated cerebrospinal fluid pressure. The outstanding fact derived from 
these experiments is that the neural structures rostral to the tentorium 
are not essential for eliciting the primary pressor response and the 
respiratory response to compression of the nervous system.22 In both 
cases of decerebration, the first blood pressure response evoked post- 
operatively was characterized by a single pressor phase which returned 
‘rapidly to the resting level. Nonetheless, repeated stimulation resulted 
in the restitution of the secondary pressor effect which accompanied the 
‘preoperative response (FIGURE 11). 


(4) Procedures involving the spinal cord, Certain operative pro- 
cedures were performed on the spinal cord in ordet to investigate the 
significance of the finding by Groat and Peele1® that the spinal animal 
is capable of producing a pressor response to elevated cerebrospinal 
fluid pressure. 

The spinal cord was ligated at approximately C—7in seven experiments 

‘and the effects of lumbar and cisternal elevations of pressure were 
compared before and after the ligation. The resultsof one'such experiment 
are illustrated in r1GuRE 12. Laminectomy and exposure of the spinal 
cord, with meninges intact, were performed prior to making any compres- 
sion tests; the cord was severed, while still enclosed in the meninges, 
by tight ligation of all the spinal contents after control responses had 
been obtained. This arrangement permitted separate elevations of cerebro- 
spinal fluid pressure within the portions of the nervous system divided 
by the transection. A comparison of preligation responses obtained from 
lumbar and cisternal stimulation shows that lumbar elevation elicited a 
greater rise in blood pressure than did cisternal elevation. On the other 
hand, cisternal stimulation evoked a satisfactory respiratory response 
which was not obtained following lumbar stimulation. In the intact 
animal, lumbar stimulation ordinarily evoked a definite respiratory effect 
(FIcuREs 5 and 9) and, in another experiment in which laminectomy was 
performed, lumbar stimulation produced a good respiratory response 
(FIGURE 14). In the present case, failure to elicit a respiratory response 
after lumbar stimulation must be attributed to a lag in transmission and 
attenuation of pressure at the medullary level [see A (1) under ‘‘Re- 
sults’’?]. This finding suggests that spinal cord receptors are concerned 
more in vasomotor than in respiratory effects, whereas supraspinal 
receptors are concerned more in respiratory than in vasomotor effects. 
Evidence which supports this contention was obtained after ligating the 
cord. Following the ligation, lumbar stimulation continued to elicit a 
pressor response. In contrast, cisternal stimulation failed to produce a 
tise in blood pressure, yet it persisted in evoking a respiratory response. 
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FIGURE 12. Effect of spinal cord ligation at C—7 on the respiratory and 
vasomotor responses to pressure elevation at the lumbar and cisternal levels. 
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FIGURE 13. Effect of cord deafferentation, below spinal transection at C—7, 
on the vasomotor response to lumbar pressure elevation (see ‘‘Results’’ for 
details of surgical procedures). 

The certainty of these observations is emphasized by the fact that 
equivalent results were obtained in all other experiments in which 
complete ligation of the spinal cord was performed. 

Having established that a rise in blood pressure can be elicited by 
compression of a portion of the spinal cord which has been disconnected 
from the brain, additional procedures were undertaken more closely to 
define the spinal reflex arc. Bilateral dorsal thizotomy of all the spinal 
segments below the cord ligation at C-7 was performed for the purpose 
of distinguishing whether the hypothetical baroreceptors are located in- 
side or outside of the spinal cord. Results of this experiment are illus- 
trated in FIGURE 13. Prior to sectioning the dorsal roots, certain 
preliminary procedures were performed to make certain that the surgical 
approach per se would not disturb the vasomotor response to elevated 
spinal fluid pressure. Laminectomy from C—6 to the middle lumbar level, 
cord ligation at C—7, and incision of the dura between the ligature and 
the emergence of the cauda equina were all accomplished in the first 
stage of this experiment. Good closure of the vertebral canal was made 
by placing rolled cotton soaked in saline along the length of the exposed 
cord and securely suturing the overlying spina) musculature. Elevation 
of cerebrospinal fluid pressure through the lumbosacral puncture pro- 
duced the pressor response shown in the first panel of FiGuRE 13. This 
maneuver demonstrated that the integrity of the dura mater isnot essential 
for the elicitation of a vasomotor effect at the spinal level. In the next 
stage of the experiment, a sufficient part of the operative incision was 
reopened to permit transection of the cauda equina rostral to the level 
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of fluid instillation. The wound was sutured once more and elevation of 
spinal pressure produced the pressor response shown in the center 
panel of FIGURE 13. As the final stage of the experiment, the incision 
was opened completely and bilateral dorsal rhizotomy was performed 
along the entire length of exposed spinal cord. Spinal pressure eleva 
tion, after closing the vertebral canal, evoked a pressor response of 
undiminished amplitude. Thus it is evident that. receptors which mediate 
the vasomotor response are located in the substance of the spinal cord, 
and that afferent spinal connections are not essential for evoking this 
effect. 

While transection of the spinal cord at the lower cervical level serves 
to demonstrate the autonomous activities of caudal and rostral portions 
of the divided neuraxis, the procedure offers no hint as to the inter- 
related functions which these two divisions may have in the total express- 
ion of the response to elevated cerebrospinal fluid pressure. An experiment 
was designed to permit separate as well as combined elevations of 
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FIGURE 14, Comparison of responses to lumbar and cisternal pressure 
elevation after partial spinal ligation at C—7, which spared nervous transmission 
in the cord. In this figure only, respiration is shown as recorded by spirometer; 
inspiration down. 
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FIGURE 15. Graded effect of intravenous atropine in potentiating the re- 
spiratory and pressor responses. Note that the atropine did not affect the resting 
blood pressure level. 


cerebrospinal fluid pressure above and below C—7 without interrupting 
the transmission of nervous impulses across the junction. This was 
accomplished by partial ligation of the spinal meninges with minimal 
encroachment upon the spinal cord itself. Subsequent recording with an 
electromanometer from cisternal and lumbar levels demonstrated that the 
transmission of elevated cerebrospinal fluid pressure was interrupted at 
the point of partial ligation. The results of one such experiment are 
illustrated in FIGURE 14. Lumbar stimulation, prior to the ligation but 
after laminectomy, produced a good pressor response and a marked 
effect on the respiration. Subsequent partial ligation at C—7 preserved 
the blood pressure response but eliminated the respiratory effect. Up to 
this point, the results resemble those obtained after cord transection. 
In the present case, however, elevation of pressure at the cisternal 
level after the partial ligation elicited not only the anticipated respiratory 
response but a rise in blood pressure as well. A convincing explanation 
of this pressor response to cisternal stimulation-must be based on the 
postulated existence of receptors situated craniad to the partial ligation, 
and upon the integrity of nervous pathways within the cord. Simultaneous 
elevation of pressure at lumbar and cisternal levels evoked a pressor 
response of no greater amplitude than that elicited by lumbar elevation 
alone. The final stage of this experiment consisted of complete ligation 
of the cord immediately caudad to the point of partial ligation. The result- 
ant cord transection caused an abolition of the pressor response to 
cisternal stimulation without producing an impairment of the respiratory 
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FIGURE 16. Comparison of effects of intravenous atropine on the carotid 
occlusion pressor response and the response to elevated cerebrospinal fluid 
pressure. Note the extreme potentiation of the pressor response to cerebro- 
spinal compression and the graded effect of variation in stimulus magnitude. 
effect. This finding corroborates the assumption that partial ligation did 
not sever spinal pathways which participate in the response to elevated 
cerebrospinal fluid pressure. 


C. Pharmacological Procedures. 


A number of drugs were employed in this series of experiments to de- 
termine the effects of certain selective pharmacological actions on the 
response to elevated cerebrospinal fluid pressure. 

(1) Atropine and physostigmine. Intravenous atropine sulfate (0.5 and 
1.0 mgm. per kgm.) produced a very marked potentiation of the total 
response in the majority of cats in which it was used. All animals had 
been previously vagotomized. A quantitative relationship between the 
dose administered and the extent of potentiation was also observed 
(FIGURE 15). Similar results are illustrated in FIGURE 16, The atropine 
was administered cautiously and, in both these cats, it produced no 
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FIGURE 17. Effect of intravenous atropine following vagotomy and carotid 
sinus neurotomy. 


significant change in blood pressure. In cat No. 38 (FIGURE 16), as well 
as in several other cats of this series, atropine reduced carotid sinus 
pressor reflex activity. FicuRE 17 shows the effect of atropine on the 
response to cerebrospinal compression after the vagus and carotid sinus 
nerves had been sectioned. Atropine not only improved the primary pres- 
sor response but it also produced a prolonged secondary rise in blood 
pressure. Since it has been found that both atropine administration and 
invasion of the fourth ventricle potentiate the response, these two pro- 
cedures were incorporated in a single experiment (FIGURE 18). Under 
control conditions, the cat did not respond to lumbar elevation of cerebro- 
spinal fluid pressure to levels as high as 200 mm. Hg, although it did 
manifest an active carotid occlusion pressor reflex. Atropine brought out 
a response to cerebrospinal pressure stimulation but it reduced the 
carotid occlusion pressor response. Subsequent surgical invasion of the 
fourth ventricle potentiated the cerebrospinal vasopressor response and 
it also improved the response to carotid occlusion. 

Intracisternal administration of physostigmine salicylate (40 pgm. per 
kgm.) was without significant effect on either the respiratory or the 
blood pressure response to elevated cerebrospinal fluid pressure. 

(2) Mephenesin. Intravenous mephenesin, administered by drip in- 
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fusion (10 to 15 mgm. per kgm. per min.), did not alter the primary 
response to elevated cerebrospinal fluid pressure, but it sharply reduced 
the duration of the secondary pressor response. This effect of mephenesin 

is illustrated in FIGURES 19 and 20. The drug is effective in shorten- 
ing the time for post-stimulative recovery in both experiments, although 
the durations of stimulation were 10 and 60 seconds respectively. : 
Mephenesin was given to cat No.41 (FicuRE 17) after vagotomy, carotid 
sinus neurotomy, and atropine. In this animal, it reduced recovery time 
after stimulation from 15 to 3 minutes. 

(3) Morphine. After sufficient time had elapsea for the effects of 
mephenesin to have disappeared, morphine sulfate (5.0 mgm. per kgm.) 
was administered to cat No. 51 (F1GURE 20). The effect of morphine, in 
accelerating recovery of the blood pressure response to 60 seconds of 
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FIGURE 18. Summated effects of intravenous atropine and opening the 
fourth ventricle in potentiating the respiratory and vasomotor responses. Effects 
on the carotid occlusion pressor response are included for comparison. : 
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FIGURE 19. Effects of intravenous mephenesin on the duration of the second- 


ary pressor response. 


54 Annals New York Academy of Sciences 


CAT*5I-ARTIFICIAL VENTILATION. STIMULUS=150mm He C.SF. 


: | 


Sarasa tT 
36MIN. MEPHENESIN MORPHINE 
(lOmc/Ke/MIN) (5mc/Ke) 


FIGURE 20. Comparison of the eftects of intravenous mephenesin and morp- 
hine on recovery time of the response following pressure stimulation of 60 
seconds duration, 


mephenesin. The blood pressure began an immediate descent upon 
termination of the stimulus, and it returned to the previous level within 
one minute. Elevation of cerebrospinal fluid pressure for 10 seconds in 
this morphinized cat produced the anticipated primary pressor response 
with rapid return of blood pressure to the resting level. 

(4) Procaine. A disc of filter paper (4 mm. in diameter) was saturated 
with a 50 per cent solution of procaine hydrochloride-in physiological 
saline and applied to the obex of the medulla. The effects of this pro- 
cedure are shown in FicuRE 21. The blood pressure fell from 140 to 65 
mm.Hg and the respiration ceased, thus necessitating the use of artificial 
ventilation. At this time electrical stimulation of the sciatic nerve, with 
a previously effective current, elicited no vasomotor response whereas 
elevation of cerebrospinal fluid pressure at the lumbar level evoked a 
goodpressor response, quite similar in temporal characteristics to the 
response obtained prior to the use of procaine. 

Two different solutions of procaine hydrochloride were utilized for 
anesthetizing the spinal cord. The results of intrathecal administration 
of 4 cc. of a 1 per cent solution of procaine are shown in FIGURE 22. 
The respiration was not disturbed in this animal, but the blood pressure 
fell from 150 to 125 mm. Hg. At this time, sciatic stimulation failed to 
evoke arise in blood pressure. Similarly, the pressor response to elevated 
cerebrospinal fluid pressure was markedly reduced although a good 
respiratory response continued to be elicited. Owing to the possibility 
that the spinal efferent outflow for the pressor response to cerebrospinal 
compression hed been blocked by the procaine in the experiment just 
described, an attempt was made to anesthetize only the dorsal portion of 
the spinal cord with a hyperbaric solution of procaine. Results from one 
such experiment are shown in FIGURE 23. A total of 3 cc. of a 2 per 
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cent solution of procaine in propylene glycol was slowly in* cted through 
the lumbosacral puncture, while the excess cerebrospinal fluid was 
permitted to escape through the cisternal puncture. Although mechanical 
support of the respiration was ultimately required, the intact function of 
the sympathetic nervous system was demonstrated by the facts that the 
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FIGURE 21. Effect of applying procaine to the obex of the medulla oblongata 
on responses to stimulation of the central end of the sciaticnerve and to elevat- 
ed cerebrospinal fluid pressure. 
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FIGURE 22. Effect of intrathecal procaine on responses to stimulation of 
the central end of the sciatic nerve and to elevated cerebrospinal fluid pressure, 


blood pressure approximated the control level and that acarotid occlusion 
pressor reflex could be elicited. The vasomotor response to elevation of 
cerebrospinal fluid pressure at the lumbar level, however, was almost 
abolished, whereas the pressor response to elevation at the cisternal 


White & Borison: Cerebrospinal Fluid Pressure 57 


level was preserved. When the effects of the procaine had worn off, 
lumbar elevation once again produced a rise in blood pressure. 

(5) Priscoline. The adrenergic blocking action of Priscoline hydro- 
chloride was utilized in lieu of a surgical sympathectomy to determine 
the role of the sympathetic outflow in the vasomotor response to elevation 
of cerebrospinal fluid pressure. It had been previously established by 
others that the pressor response was dependent upon the integrity of the 
sympathetic nervous system, andit was our experience that anesthetization 
of spinal efferent nerves by intrathecal procaine abolishes the vasomotor 
response to such stimuli. The results of an experiment with intravenous 
Priscoline hydrochloride (10 mgm. per kgm.) are shown in FIGURE 24, 
Complete ligation of the cord at C—7 did not abolish the pressor response 
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FIGURE 23. Effect of intrathecal procaine in propylene glycol, administered 
for the purpose of selectively anesthetizing the dorsal portion of the cord, on 
responses to lumbar and tisternal stimulation. Note the constancy of the resting 
blood pressure level and the maintenance of the carotid occlusion pressor re- 
sponse. 
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FIGURE 24, Effect of intravenous Priscoline on the response to cerebro- 
spinal compression evoked after cord ligation at C—7. 


to lumbar elevation, although the subsequent administration of Priscoline 
abolished this response for all practical purposes. 

(6) Hexamethonium. Although the use of Priscoline had demonstrated 
the essential nature of adrenergic effectors in the vasomotor response, 
the possibility that an adrenergic neurohumoral factor may contribute to 
this response had not been excluded in the present study. The ganglionic 
blocking agent hexamethonium was used to interrupt sympathetic trans- 
mission without impairing the responsiveness of adrenergic effector cells. 
Cat No. 49 (FicuRE 25) was given hexamethonium bromide (5.0 mgm. 
per kgm. i.v.) following vagotomy and potentiation of the response with 
atropine and invasion of the fourth ventricle. Hexamethonium had the 
following effects: blood pressure was lowered from 140 to 90 mm. Hg; 
the carotid occlusion pressor response was reduced to the hemodynamic 
effect; the vasomotor response to cerebrospinal fluid pressure stimula- 
tion was completely abolished. Artificial ventilation was applied for a 
short interval during the response to prevent vasomotor alterations second- 
ary to an unusually long period of apnea. In FIGURE 26 is shown the 
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FIGURE 25. Effect of hexamethonium on the carotid occlusion pressor re- 

‘sponse and the pressor effect of cerebrospinal compression after intravenous 
atropine and opening of the fourth ventricle. Bracketed interval indicates period 
of artificial ventilation. 
‘reversible effect of hexamethonium on the response to cerebrospinal 
compression of 60 seconds duration. Complete abolition of the response 
was effected without the intervention of artificial ventilation. Since the 
pressor response to elevated cerebrospinal fluid pressures for durations 
of 10 to 60 seconds is prevented by ganglionic blockade, it is unlikely 
that an extrasympathetic adrenergic substance contributes to the vaso- 
motor effect. 
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(7) Ephedrine. The vasoconstrictor action of ephedrine hydrochloride 
was utilized to raise the blood pressure toward normal in those animals 
in which complete spinal cord ligation had been performed. Subsequent 
elevations of cerebrospinal fluid pressure, at the lumbar level, produced 
good pressor responses. 

(8) Veratrum alkaloids. Veratrum-induced hypotension is believed to 
be effected solely through processes which involve the central nervous 
system. Hence, the antagonistic effects of veratrum and cerebrospinal 
compression might shed some light on the central mechanism of cardio- 
vascular regulation concerned in this study. The results of such an 
experiment are illustrated in FIGURE 27. Veriloid,* a mixture of vera- 
trum alkaloids, reduced the blood pressure from 110 to 40 mm. Hg. The 
carotid occlusion reflex became inactive. Subsequent lumbar stimulation 
produced a rise in blood pressure to approximately the same level as was 
reached by the control pressor response. 


DISCUSSION 


Interpretation of the results may be best accomplished by considering 
the present findings under three major headings, namely, activation, 
coordination, and expression of the response to elevated cerebrospinal 
fluid pressure. ; 

(1) Activation. One objection to the use of subdural needle punctures 
for the purpose of elevating cerebrospinal fluid pressure is the damping 
effect on transmission resulting from the interposition of a resistance to 
fluid movement. The choice of this technique, however, is supported 
by a number of advantages, such as simplicity, speed, lack of trauma, 
and minimal leakage. Furthermore, direct measurement of subdural pres- 
sure with an electromanometer demonstrated the efficacy of this method 
for producing cerebrospinal compression, and it supplied reliable data 
on the characteristics of stimulation. 

A fundamental point of controversy is the mechanism by which the 
response is initiated, that is, whether by ischemia or by pressure. This 
investigation supports the contention that excitation is effected by the 
direct action of applied pressure and, furthermore, that pressure stimulates 
receptors located at a measurable distance from the neurone pools which 
constitute the centers for the reflex act. The following experimental 
findings are cited as positive evidence. Responses were elicited with a 
stimulus duration as short as five seconds. Graded vasomotor effects 
were evoked by varying the pressure magnitude. The adequacy of stimu- 
lation could be estimated according to physiological criteria for threshold 


and maximal effectiveness. Responses were elicited with stimulus 
*Veriloid was contributed by Riker Laboratories, Inc. 
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FIGURE 26. Effect of intravenous hexamethonium on the vasomotor response 
to 60 seconds of pressure stimulation. Note recovery of response after effects of 
hexamethonium had worn off. 
pressure of considerably smaller magnitude than the mean blood pres- 
sure. 

Localization of the pressure sensitive elements was complicated by 
the fact that responses were evoked from a segment of the spinal cord 
which coincided with the sympathetic outflow. Furthermore, it was 
demonstrated that the vasomotor response to elevated spinal pressure 
could be elicited in a cat which had been subjected to cord transection 
at C—7 as well as to complete dorsal rhizotomy of the separated portion 
of the spinal cord. It was evident from this experiment that one site of 
activation is located within the spinal cord, but the following questions 
remained unanswered: What is the morphological relationship between the 
receptor elements and the vasomotor centers of the spinal cord? Can the 
response be initiated in the neuraxis above the level of the sympathetic 
outflow? 

Cushing!-3 showed that cocainization of the medulla prevented the 
response to compression of the cranial contents. But, according to Groat 
‘and Peele,’ the intracranial pressure was not adequately transmitted 
to the vertebral canal in Cushing’s experiments. In the present in- 
vestigation, the application of procaine to the medulla caused, in addition 
to arrest of respiration, a marked fall in blood pressure and elimination 
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FIGURE 27. Response to cerebrospinal compression after intravenous Veri- 
loid. 


of the pressor response to sciatic stimulation. These effects indicate 
that the medullary vasomotor center was markedly depressed. Neverthe- 
less, subsequent elevation of cerebrospinal fluid pressure at the lumbar 
level elicited a characteristic vasomotor response. It is clear, therefore, 
that pressure-sensitive receptors must be located in both spinal and 
supraspinal structures. Procaine injected intrathecally did not disturb 
the respiration but it did prevent the pressor response to sciatic stimula- 
tion and it severely restricted the vasomotor response to lumbar pressure 
elevation. These effects can be attributed to functional interruption of 
the sympathetic outflow by the procaine. An attempt to anesthetize 
selectively only the dorsal half of the cord, with procaine in propylene 
glycol, resulted in abolition of the vasomotor response to lumbar stimu- 
lation but not to cisternal stimulation. In-this animal, the spinal cord 
was not severed, so the medullary vasomotor center was still in com- 
munication with the sympathetic outflow. The difference in responses to 
lumbar and cisternal stimulation may be explained on the basis of the 
hydrodynamics of the cerebrospinal fluid system and the limitation to 
pressure transmission imposed by the needle puncture technique. The 
results of this experiment indicate that spinal cord pressure receptors 
can be selectively anesthetized without concomitant anesthetization of 
the spinal sympathetic centers. Partial ligation of the spinal contents, 
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9 as mechanically to interrupt subdural pressure transmission but not 
ervous transmission within the spinal cord, served to demonstrate the 
lowing facts: (i) spinal pressure elevation evoked a vasomotor re- 
ponse but no respiratory response; (ii) cisternal pressure elevation 
voked a vasomotor response as well as a respiratory response. Hence 

is apparent that receptors which mediate the vasomotor effect are 
ycated at levels above and below C—7, whereas those which mediate 
le respiratory effect are located only above C—7. In this investigation, 
has not been possible to identify separately the receptors responsible 
1 vasomotor and respiratory responses respectively. 

Attempts, early in this study, to localize pressure receptors in the 
rea postrema of the medulla oblongata were thwarted by the then un- 
scognized existence of receptors in the spinal cord. Not until all other 
ossible sites are accounted for can the presence or absence of receptors 
1 the area postrema be definitely established. Nevertheless, the facts 
iat division of the tela choroidea over the fourth ventricle potentiated 
le response to elevated cerebrospinal fluid pressure? and that de- 
erebration did not disturb the response indicates that an important 
ceptor site is in all probability located in the floor of the fourth ven- 
‘icle. 

(2) Coordination. In the cat, elevation of cerebrospinal fluid pressure 
>sults in adegree of excitation of the vasomotor center which is relative- 
y independent of reflex influence on the central excitatory state. Vago- 
smy did not increase the amplitude of the pressor response. Carotid 
inus denervation combined with vagotomy also did not appreciably 
lodify the response. Earlier workers”? agreed that carotid sinus 
enervation in the dog resulted in a slightly augmented response to 
levation in cerebrospinal fluid pressure. Additional evidence for the 
ack of buffer nerve influence was obtained from the intact cat in which 
ae cerebrospinal vasopressor response was accompanied by tachycardia 
stead of the expected compensatory bradycardia. Furthermore, the peak 
f the pressor effect often coincided with prolonged inspiration in con- 
rast to the expiratory apnea associated with buffer nerve activity. 
‘ollowing the administration of acommercial mixture of veratrum alkaloids, 
yhich presumably produces hypotension through afferent inhibition of 
he medullary vasopressor center, cerebrospinal compression produced 
pressor response of undiminished intensity. The independent central 
xcitatory action of elevated cerebrospinal fluid pressure was also 
emonstrated at the spinal level after severe hypotension was produced 
y cord transection with consequent interruption of the descending flow 
f vasomotor facilitatory impulses. 
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Since atropine in the vagotomized cat produced a dramatic augmenta 
tion of the response to cerebrospinal compression without altering the 
resting blood pressure, it is most reasonable to assume that this rep- 
resents a central action. Inhibition of the carotid occlusion pressor 
reflex by atropine tends to support this assumption. Sensitivity of the 
cerebrospinal pressure receptors, as determined by threshold stimuli, 
did not appear to be increased, but this is not certain from the present 
experiments. The response, however, was occasionally augmented out of 
all proportion to the magnitude of the stimulus (FicuRE 16) and in most 
instances the augmentation was manifested not only by an increase in 
the amplitude of the primary response, but also by the addition of a 
prolonged secondary pressor phase. Inno case did atropine enhance the 
evoked rise in blood pressure in the spinal cat. Although potentiation in 
the intact cat was not invariably observed, it is possible that atropine 
produces its effect through a selective action at the brain stem level. 
In spite of the fact that a considerable amount of information has been 
accumulated on the effects of atropine on the central nervous system,” 
the mechanism by which this substance potentiates the response to 
cerebrospinal compression can only be conjectured. 

Some insight into the coordinating function of the central nervous 
system may be gained from an analysis of the primary and secondary 
vasomotor responses to cerebrospinal compression. An effect common to 
decerebration, and to the administration of mephenesin and of morphine 
was areduction in amplitude and duration of the secondary pressor phase, 
The important finding that these procedures did not seriously disturb the 
initial pressor phase indicates that the essential pathway for the re- 
sponse between receptor and center is short and direct. The temporary 
elimination of the secondary pressor phase by decerebration may be 
interpreted to mean that long reverberating pathways have been inter 
rupted and that new multineuronal circuits have become activated at the 
brain stem level by repeated cerebrospinal compression. In comparing 
the effects of mephenesin and morphine of the secondary response, one 
is impressed by the more complete inhibition produced by morphine. The 
actions of mephenesin and morphine on the central nervous system have 
been reviewed by Wikler.28 The effect from morphine may be explained 
as resulting from the elimination of afterdischarge by inhibition of loca 
reverberating circuits, whereas the less profound effect of mephenesif 
may be ascribed to depression of the more subtle influence from 
bulboreticular facilitatory system. 

(3) Expression. Bradycardia and a sharp fall in blood pressure have 
been described as the first response to cerebrospinal compression in th 
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og. The depressor effect is abolished by vagotomy. In the cat, however, 
ie immediate hypotensive effect is only rarely encountered. Indeed, in 
ost intact cats, only minimal changes in heart rate occurred during the 
~sponse to elevated cerebrospinal fluid pressure. This may be attributed 
» the lack of vagal tone in the cat as compared with the dog. In one cat, 
le initial depressor effect was not observed until the tela choroidea 
ver the fourth ventricle had been divided (FIGURE 9), Activation of this 
sponse by facilitating the access of pressure to the fourth ventricle 
nd diminution of the effect by subsequent vagotomy (FIGURE §8) sug- 
est that vagal participation may depend upon stimulation of specific 
ceptors in the immediate vicinity of the dorsal vagal nuclei. 

A number of investigators? ?7.% claimed that the sympathetic 
ervous system is essential for eliciting the pressor response to cerebro- 
pinal compression. In the present series of experiments, two pharmaco- 
gic agents were employed to determine the role of the sympathetic out- 
ow. Priscoline blocked the pressor response to lumbar pressure 
timulation after cord ligation at C—7 (FIGURE 24). While this agent 
locks adrenergic vasomotor responsiveness, it does not distinguish 
etween sympathetic postganglionic discharge and circulating adrenergic 
ormone. More specific blockade of sympathetic discharge was obtained 
ith hexamethonium, which interrupts transmission at autonomic ganglia. 
examethonium abolished the pressor response to 10 seconds, as well 
s 60 seconds, of stimulation. This demonstrates that the sympathetic 
ervous system is the sole mechanism by which the pressor response is 
ffected in these experiments. 

- Although the administration of ephedrine after spinal cord ligation at 
‘7 raised the resting blood pressure from 90 to 140 mm. Hg, it did not 
afluence the absolute rise in blood pressure elicited by spinal com- 
ression. Hence it is apparent that the vasomotor response is not only 
ffected independently of central excitatory state (see discussion above) 
ut that it is also manifested independently of peripheral vasomotor tone. 


SUMMARY 


Stimulus characteristics have been determined for eliciting cardio- 
ascular and respiratory responses by the elevation of cerebrospinal 
luid pressure with subdural needle punctures at the lumbosacral artic- 
lation and the cisterna magna in the cat. 
After spinal cord ligation at C—7, lumbar stimulation elicited a rise 
blood pressure but no respiratory response, whereas cisternal stimu- 


tion elicited a respiratory response but no rise in blood pressure. 
trathecal procaine obtunded the cardiovascular but not the respiratory 


sponse to cerebrospinal compression. On the other hand, procaine 
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applied locally to the medulla depressed the respiratory and vasomotor 
centers without abolishing the pressor response to elevated cerebro 
spinal fluid pressure. After partial ligation of the spinal contents at C—7, 
which prevented pressure transmission but not nervous transmission 
across the ligature, a pressor response was evoked by cisternal as well 
as lumbar stimulation, whereas a respiratory response could be elicited 
only by cisternal stimulation. 

The pressor response to spinal compression below the level of com 
plete cord ligation was not altered by dorsal rhizotomy performed caudal 
to the ligature. Selective anesthesia of the dorsal portion of the cord in 
the intact cat, with procaine in propylene glycol, abolished the pressor 
response to lumbar stimulation but not to cisternal stimulation. 

Responses to cerebrospinal compression were not notably modified by 
vagotomy and carotid sinus denervation. In contrast, marked augmenta 
tion of the response was produced by surgical division of the tela choroidea 
over the fourth ventricle. Occasionally this potentiated pressor response 
was preceded by a sharp fall in blood pressure. The initial hypotensive 
effect was diminished by vagotomy. 

In the intact cat, atropine almost invariably potentiated the response 
to elevated cerebrospinal fluid pressure. On the other hand, atropine 
consistently failed to improve the pressor response evoked after low 
cervical cord transection. Potentiation with atropine was characterized 
notonly by an augmentation of the primary pressor response but, frequent 
ly, by a secondary prolonged rise in blood pressure. The secondary 
pressor phase was diminished by decerebration and the administration of 
mephenesin and morphine. 

The cardiovascular but not the respiratory response to elevated 
cerebrospinal fluid pressure was prevented by Priscoline and by 
hexamethonium. Although ephedrine raised the resting blood pressure 
level, it did not modify the character of the pressor response to spinal 
compression after cord transection. 


CONCLUSIONS 


Receptors which are stimulated by increased cerebrospinal fluid 
pressure are located in the neuraxis, at a finite distance from the vaso- 
motor centers, rostral as well as caudal to C-7. The cardiovascular 
response is mediated at both levels whereas the respiratory response 
is activated only rostral to C-7. The rostral receptors. are probably 
concentrated in the floor of the fourth ventricle. Multineuronal reverberat- 
ing circuits, which facilitate the response, are located mainly in the 
brainstem. Production of the pressor response occurs independently of 
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he excitatory state of the medullary vasomotor center and of peripheral 
asomotor tone. The sympathetic outflow constitutes the sole pathway 
or effecting the pressor response. Vagal participation, in the cat, is of 
© consequence except when pressure is allowed free access to the 
ourth ventricle by surgical division of the tela choroidea. 
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